Objective: To assess the relative stabilities of optical coherence tomography (OCT)-based retinal volume and central foveal thickness measurements in the setting of eccentric or inconsistent fixation.
M
ANY PATHOLOGIC PROcesses result in retinal edema, and quantification of this process is of great clinical importance. Optical coherence tomography (OCT) is capable of measuring retinal thickness to within approximately 10 to 14 µm, making it a valuable clinical tool. [1] [2] [3] [4] However, technologies that are highly precise under ideal conditions and during short periods may be subject to large longterm fluctuations because of operator and subject factors. These short-and longterm variabilities are somewhat analogous to the short-and long-term fluctuations associated with visual fields. Although it has been well established that OCT-based retinal thickness determinations are subject to small intrasession and short-term intersession variabilities, long-term variability may be a more important issue for patients undergoing successive OCT examinations. [5] [6] [7] To date, factors affecting the long-term fluctuation of successive OCT test results have not been well explored.
One potentially important source of longterm variability in OCT-based measures is eccentric fixation and, in particular, fixation that varies between examinations. Indeed, some patients with diabetic macular edema exhibit eccentric fixation that shifts location over time. 8, 9 By using significantly more of the available OCT-generated information, retinal volume measures may be less susceptible to changes resulting from such inconsistent fixation. This may be of importance during long-term follow-up with successive measurements. However, it is unknown which retinal region generates volume measuresthatareleastaffectedbychangesinfixation and how this compares with commonly used foveal thickness measurements. Therefore,wesimulatedvariablefixationusingprecisely decentered OCT and evaluated the effect on OCT-based retinal volume and foveal thickness measurements.
METHODS
The technological specifics of OCT have been described previously. 1 In the present study, OCT was carried out using a commercially available system (StratusOCT 3.0 model 3000; Carl Zeiss Meditec, Dublin, Calif ). Using an internal fixation target, a total of 160 scans were performed on the undilated right eyes of 10 healthy subjects. In each subject, 4 scans were first carried out centered at fixation. Next, to simulate altered and eccentric fixation, scans were carried out centered at 12 eccentric locations. These locations were located superior, nasal, inferior, and temporal to the point of fixation at distances of 0.50, 1.00, and 1.50 mm. The sample size was chosen to provide an estimated power of 90% to detect a difference of 10% in the effect of altered fixation among the variables investigated at ␣=.01.
A fast macular thickness protocol was used throughout all studies on all subjects. This protocol provides A-scans at a total of 768 points equally spaced along six 6-mm-long radial lines intersecting at their midpoints. The StratusOCT software algorithm was used to define the internal limiting membrane and the retinal pigment epithelium. All 960 individual line scans were manually reviewed to verify that the algorithm had accurately identified these structures. Retinal thickness at each Ascan location was then determined as the distance between these landmarks. Central foveal thickness, termed foveal thickness in the software algorithm, was calculated as the mean thickness at the intersection of the 6 radial scan lines. Retinal sector volumes were calculated by multiplying the mean thickness by the surface area within the 9 Early Treatment of Diabetic Retinopathy Study sectors (Figure 1 ). Appropriate retinal sector volumes were summed to provide volume measurements within radii of 0.50, 1.11, 1.50, 1.73, and 3.00 mm of the scan center. The calculation of total retinal volume within radii of 1.11 mm and 1.50 mm required the export of data, as the software algorithm does not automatically provide these measures.
Paired t tests were used for comparisons of individual variables under eccentric and central fixation conditions. The percentage changes in OCT measures induced by alterations in fixation were compared between variables using unpaired t tests. Finally, Wilcoxon rank sum tests were used for comparisons in which sample size required the use of nonparametric testing.
RESULTS
The direction of decentration did not significantly affect the magnitude of the error induced (PϾ.20 for all comparisons, Wilcoxon rank sum test). Therefore, to maximize generalizability, scans of equal decentration distance were grouped in subsequent analyses. Eccentric scanning resulted in significant changes in foveal thickness measurements regardless of the amount of eccentricity (Table and Figure 2) . Retinal volume within the smallest radius, 0.50 mm, also exhibited a mean value that was significantly affected by all degrees of decentration. In contrast, retinal volume measures within larger radii were affected to a lesser extent. The mean retinal volume within a 1.73-mm radius was significantly affected only when decentration reached 1.50 mm, while the mean volumes within other radii were not significantly altered by decentered scanning.
To overcome the potential for comparisons of mean values to misinterpret changes of equal magnitude but of opposite direction, results were further assessed by comparing the percentage changes in values with decentered scanning. On this percentage basis, foveal thickness was again affected to a much larger extent than any of the retinal volume variables. Foveal thickness measures were in error by 44.5%, 69.4%, and 62.1% with 0.50, 1.00, and 1.50 mm of decentration, respectively. Although all retinal volume variables were more stable than foveal thickness, the volume within a 0.50-mm radius of the scan center was altered by decentered scanning to the greatest extent, with the change reaching up to 34.7%. This was significantly greater than the changes induced in retinal volumes within larger radii which reached a maximum value of 15.7% (PϽ.01 for all comparisons). The effect of decentration was not significantly different among the retinal volumes within radii measuring 1.11 to 3.00 mm. 
COMMENT
Several studies using different criteria have investigated the repeatability of OCT-based retinal thickness measurements. For example, the coefficient of variation for single-point thickness determinations at the intersection of 6 radial lines through fixation is approximately 5%. 10 However, this represents the intrasession variation among scans carried out at a single sitting in rapid succession. Because the intersession variability of singlepoint thickness measurements is larger, the mean thickness determinations within retinal regions have been suggested for clinical use. 5 The intersession coefficient of variation for such mean thickness measurements within 500 µm of fixation is 5% in healthy eyes and 6% in eyes with diabetic macular edema. 7 These previous studies examined the technological limits of precision under ideal circumstances and during short intervals as opposed to the long-term follow-up periods encountered clinically. In contrast, our study examined the potential for errors in retinal volume and foveal thickness measures in the setting of decentered scanning as may be encountered during clinical follow-up. 8, 9 To the best of our knowledge, this is the first study to quantify the effect of altered fixation on these variables. In addition, by exporting data, we were able to calculate and assess retinal volumes within radii not yet available from the software algorithm.
The results of our model demonstrate an inverse relationship between the magnitude of the effect of decentration and the size of the retinal area sampled. Retinal volume measures within the center subfield of the fast macular thickness protocol and foveal thickness measures are particularly vulnerable. However, all retinal volume measurements, including the center subfield, were affected to a lesser degree than foveal thickness determinations. This stability in the face of altered centration may be an asset during the diagnosis and follow-up of patients with macular edema. However, a counterbalancing argument could be made that retinal volume measurements are simply blunt unresponsive measures with a concomitant lack of sensitivity to clinically important degrees of edema. To address this issue, a companion study investigated this possibility and found that retinal volume and foveal thickness variables display comparable sensitivities and specificities in the detection of clinically significant macular edema. 11 Therefore, by providing improved long-term stability while maintaining powerful sensitivities and specificities in the diagnosis of macular edema, central retinal volume measures have the potential to be of great clinical utility.
A possible weakness of our model is the use of healthy eyes, suggesting that the findings may not be generalizable to pathologic conditions. Although further work will be needed to explore this area, we believe that it is reasonable to extrapolate our results to pathologic states, as single-point thickness measures are likely to remain more responsive to alterations in fixation than measures such as retinal volume that rely on multiple points of data for their generation.
Finally, one must consider the clinical relevance of our results. Although the occurrence of eccentric and inconsistent fixation in patients with macular disease is well established, the frequency of such occurrences in the clinical use of OCT is unknown. 8, 9 Scenarios in which this could become relevant include not only eccentric fixation but also small eye movements during scanning and changes in fixation during long-term follow-up. Although clinicians may be able to identify alterations in fixation by observing the location of the foveal pit on the retinal thickness map, macular pathologic conditions often make the detection of the foveal pit impossible. Alternatively, the use of the landmarking function of commercial OCT systems, while not preventing eccentric fixation, may help in efforts to consistently image the same section of retina during follow-up. In summary, pending the widespread availability of OCT registration and tracking systems, clinicians will need to be cognizant of the potentially important effect of scan centration on OCT-based measurements. 
